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ABSTRACT

On 24 January 1961 the Reactivity Test Assembly (RTA)

- a heterogeneous, light-water, unpressurized, fully en-

riched system that operates as a zero-power reactor - at

General Dynamics/Fort Worth was brought critical for the

first time. During the year following, the RTA was used

in 11 major experiments that covered the operational test-

ing and continued research for the two 3-Mw reactors at the

Nuclear Aerospace Research Facility at GD/FW.

,/



I'

REFORT SUMMARY

The Reactivity Test Assembly was constructed to fulfill the

need for reactor core data for both operating reactors (GTR and

ASTR) at the GD/FW Nuclear Aerospace Research Facility. The use

of the RTA in providing these data has minimized NARF reactor

operations for parametric data.

GTR Experiments

A series of seven experiments was performed with the 5-rod

3-Mw Ground Test Reactor core configuration. Each of the experi-

ments was perfomed either to satisfy an immediate requirement for

data for proposed experiments or to test and qualify fuel or rods

for use in 3-Mw GTRo

The core critical experiment and loading adjustment verified

the 35 elements in the final loading so that they might be utilized

in the 3-Mw GTR.

The rod calibration was performed to establish the worth of

the five control rods.

Fuel-element verification is a recurring experiment performed

initially as a monitor on the fuel content and annually thereafter

in compliance with Air Force Special-Source Accountability. Veri-

fication.was performed by comparison of reactivity contribution of

unknown elements in a standard core position.

The void reactivity and flux were performed to assess the

feasibility and safety of proposed in-pile or in-reflector irrad-

iation positions. These results indicate no apparent hazard in-

crease in the in-core irradiations except those associated with

the test specimen.
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The fission-plate reactivity contribution was, evaluated to

determine the limits of perturbation afforded by a U-235 source

plate in various configurations.

A control-rod experiment was performed in the interest of

providing a replacement rod for the present B4C rod In use.

Interest in providing a fast-fission source outside the GTR

necessitated reactivity measurement of this configuration in a

flooded condition.

ASTR Experiments

A series of four experiments was performed with the 3-rod

3-Mw Aerospace Systems Test Reactor core configuration.

The critical experiment was performed with new elements to

verify the fuel content of the elements for use in the ASTR Aero-

space Systems Test Reactor.

The rod calibration was performed to determine the worth of

three new ASTR rods.

The experiment using four rods and a void can was a mockup

of a proposed configuration of the ASTR designed to increase the

leakage flux from one reactor face and increase the core reactivity.

The neutron-flux distribution in the ASTR core was measured

to provide information concerning percentage power contribution

of each element and radial anomalies of neutron flux within in-

dividual locations.
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I. INTRODUCTION

General Dynamics/Fort Worth has designed and constructed a

flexible critical facility, the Reactivity Test Assembly (RTA).

It was constructed to fulfill the need for reactor core data for

both operating reactors at the Nuclear Aerospace Research Facil-

ity (NARF). The use of the RTA in providing these data has

minimized NARF reactor operations for parametric data and thus

permitted full-time experimental use of the NARF reactors.

The RTA is a heterogeneous, light-water-moderated, fully

enriched, extremely low-power reactor (< 1 kw) capable of

adapting to a wide range of core configuration. It is located

in Building 144 at the GD/FW facility.

The critical facility vessel, shown in Figure 1, consists

of a below-grade 40-inch-diameter, 100-inch-deep aluminum tank

with a grid plate capable of accepting a 9 x 9 array (with the

corners missing) of plate-type (MTR) fuel elements. A sump tank

of similar volume capacity lies directly beneath the core tank

to receive the moderator water during core modifications. A

mechanical dump valve in the core tank permits rapid draining

for safety shutdowns. For operation, a pump transfers the water

from the sump tank to the core tank.

The instrumentation and controls, shown in Figure 2, are

monitored and operated from a room adjacent to the reactor room.

The core instrumentation, shown in Figure 3, consists of two BF 3

detectors, two fission chambers, and two compensated ion chambers.
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Five rod drives with electromagnetic couplings provide for the

positioning of control rods in the core assembly. In addition,

a non-driving electromagnetically coupled safety rod, constructed

with a lower fuel section and an upper poison section, is install-

ed near the center of the test configuration. This safety worth

is greater than the excess reactivity of the proposed tests.
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II. EXPERIMENTS USING THE RTA

2.1 GTR Experiments

A series of seven experiments was performed with the 5-rod

3-Mw Ground Test Reactor (GTR) core configuration in the Reactivity

Test Assembly. The experiments consist*d of (1) a core critical

experiment and loading adjustment, (2) rod calibration, (3) fuel-

element verification, (4) void measurements, and (5) source plate

measurements, (6) control-rod development and (7) a critical

experiment with moderated fast section. Each of the experiments

was performed. either to satisfy an immediate requirement for data

for proposed experiments or to test and qualify fuel or rods for

use in the 3-Mw GTR.

The core critical experiment was performed with new elements.

In conjunction with the loading adjustment, it verified the 35

elements in the final loading so that they might be utilized in

the 3-Mw GTR as a core or portion thereof without a critical

experiment.

The rod calibration was performed to establish the worth of

the five control rods (conventional design) and the RTA safety

element. The rod calibration curves were utilized in subsequent

RTA experiments with the GTR core to determine reactivity of the

test configurations from critical rod positions.

Fuel-element verification is a recurring experiment performed

initially as a monitor on the fuel content as stated by the fab-

ricator and annually thereafter in compliance with Air Force
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jpecial Sources Accountability regulations. Fuel-element content

may be verified by either of the following methods:

1. Comparison of critical mass of an assembly of
elements with similar assemblies of known elements
or with predicted calculated values for a new
configuration.

2. Comparison of reactivity contribution of unknown
elements in a standard grid position in a known
core.

Verification of the fuel elementsinvolved only the second

method, inasmuch as the critical experiment and loading adjust-

ment verified the elements of the core assembly by the first

method.

The void reactivity and flux determinations were performed

to assess the feasibility and safety of proposed in-pile or in-

reflector high-flux cryogenic irradiation loops and static samples.

The void measurements were performed with fuel-element-equivalent

voids placed singularly and in multiples within and on the periph-

ery of the reactor core. Flux measurements were performed for

key positions only.

The fission plate reactivity contribution was evaluated to

determine the limits of reactivity perturbation afforded by a U
2 3 5

source plate in various configurations with the 3-Mw GTR core and

to measure the flux in a void adjacent to the source plate.

A control-rod experiment was performed to establish the

limits and preliminary information for further control-rod devel-

opment. This experiment was performed in the interest of providing

a replacement rod for the present B4C rod in use.

20



Interest in providing a fast fission source outside the GTR

necessitated reactivity measurement of this configuration in a

flooded condition. This configuration was mocked up in the RTA

and the reactivity contribution from the additional fuel measured

as a function of separation between the GTR core and fast section.

2.2 ASTR Experiments

Four experiments were performed with the 3-Mw ASTR configur-

ation in the Reactivity Test Assembly. The experiments consisted

of (1) a critical experiment and kex loading adjustment, (2) a

rod calibration, (3) a mockup witi. a core configuration of four

control rods (33 elements) and with a reflector void, and (4) a

flux mapping experiment.

The critical experiment was performed with new elements in

the 3-Mw ASTR configuration. In conjunction with the loading

adjustment, it was intended to verify the fuel content of the

elements and to prepare the assembly for use in the ASTR.

The rod calibration was performed to determine from the

loading adjustment the incremental worth of three new ASTR rods

in the resultant configuration. The curves thus dtained were

utilized in subsequent experiments to determine reactivity of

test configurations from critical-rod positions.

The core configuration with four rods and a void was an

experimental mockup of a proposed configuration of the ASTR

designed to increase leakage flux from one reactor face and

increase the core activity.
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The power distribution in the ASTR core was studied for

three reasons. First; the power distribution in the core is

a necessary parameter in core heat transfer calculations.

Second, the power distribution of the core directly affects

the source term that is necessary for all shielding calcula-

tions. Third, the power generated can be related to currents

from ion chambers, resulting in power calibration of the ion

chambers.

Previous study of the ASTR core for these reasons (Refs.

1 and 2) disclosed the need for further work in determining

the neutron flux distribution within individual elements.

Three cores have been used in the ASTR. The third and

present core was procured from Babcock and Wilcox in May 1961.

The construction of these elements differed from the first

two cores in that the fuel plates were pinned to the side

plates, rather than brazed. Accordingly, it was decided to

make a complete survey of the neutron flux distribution in

this new core.

The purpose of the experiment was to disclose:

1. Percentage contribution of each location to
total reactor power;

2. Vertical maximum-to-average flux ratio of
each location; and

3. Presence or absence of radial anomalies of
neutron flux within individual locations.
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III. GTR EXPERIMENTS

3.1 GTR-Core Critical Experiment and Loading Adjustment

3.1.1 Experimental Equipment

The RTA tank was set up to receive the core components

for a 5-rod GTR loading. The instrumentation consisted of

normal RTA operation instrumentation (Ref. 3). The location

of the detectors and source is shown on Figure 4, Loading 1.

The fuel elements used for this critical experiment were

140-gm U2 3 5 GTR elements. With the exception of the 70-gm

control-rod elements, only full elements were used in this

experiment.

3.1.2 Procedure

In preparation for loading, the detectors were source-

checked, the scram checks were performed, and the water was

drained to the sump tank. The first loading consisted of

five rod elements and three full elements (Fig. 4, Loading 1).

The loadings were each performed in a dry tank. When the

water level was raised, both "rods in" and "rods out" multi-

plications were obtained. Then the rods were inserted and

the water dumped. Subsequent loadings to criticality followed

the same procedure. The number of elements to be added in each

increment was determined by extrapolation of rods-out multi-

plication, along with the limitation on each increment of never

adding more elements than the preceding increment. The loading

sequence to criticality is shown in Figure 4, Loadings 1

through 11.
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Reciprocal multiplication versus number of fuel elements is

shown in Figures 5, 6, and 7,for Detectors 1A and 2. Rods-

in and rods-out multiplication curves were compared to show

effectiveness of the uncalibrated control rods and thereby

further ensure the safety of the experiment. After criticality

was established at 25.5 elements (3570 gm U235), the remaining

elements to the full 3-Mw loading of 32.5 elements (4550 gm

U235 ) were added one element at a time (Fig. 4, Loadings

12-18). The loadings were each performed in a dry tank

following the same procedure as before criticality. Rods-in

multiplication, shown in Figure 8, was obtained for each

loading.

A study of the reciprocal multiplication curves shows that

the geometry of source, fuel, and detector may cause large

variations in the slope of the curves from one detector to

another. The number of elements added at any one increment

must be weighted by consideration of geometry of the previous

configurations.

Two procedural discrepancies were noted during this experi-

ment. The first involved placement of fuel relative to the

source in Step 2 of the loading. The steps as indicated by

the planning document required the addition of six elements,

two of which were installed in "C" row and which, because of

their proximity to the source, acted as a source plate and

gave a one-element extrapolated crIticality. The loading was

modified and only one element was left in row C, allowing two

25
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elements to be added in Step 3,(Figure4). A solution to this

problem could lie in (1) multiple sources or (2) a single central

source located within the safety element. The source, when not

in use, would then be submersed into the safety-element recess.

The second procedural discrepancy resulted from a very

high BF 3 count rate when criticality was approached, resulting

in jamming of the scalers with rods out. The source count

rate for Channels 1, 1A, and 2 was 13,700, 10,700 and 5,200 cps,

respectively. Rods-out multiplication of Loading 8 was measured

at approximately 500-1000, yielding count rates of the order

of a megacycle. The Advance Airborne Dual Scalers in use during

this experiment were incapable of accurately counting above 500

kc. Adoption of a Berkley Universal Eput Timer Model 7360 or

similar megacycle or better counter for at least one BF 3 channel

and desensitizing the BF 3 's at least one decade by a central

source and use of a greater separation distance from the core

(such as grid positions A-2 and 8) should alleviate this problem.

3.1.3 Conclusion

The RTA was made critical on a 3570-gm, 5-rod, 23-element

array at 1:30 a.m., 24 January 1961. This critical configura-

tion was identical to previous GTR cores and, in addition,

agreed with calculated criticality, thus indicating the same

total fuel content. The reactor at this loading possessed approx-

imately 0.15% Ak/k. The reactor core adjusted to the operational

3-Mw loading of 4550-gms U235 possessed 4.64% Ak/k excess

reactivity.
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3.2 GTR Rod Calibration

3.2.1 Experimental Equipment

The experiment was begun with the loaded 3-Mw GTR core

configuration resulting from the critical experiment and

loading adjustment. Normal RTA instrumentation was utilized

for this experiment (Ref. 3). A total of ten 1/2-in. x 30-in.

x 20-mil cadmium strips were used as required to "poison" the

core during shim-rod calibration.

3.2.2 Procedure

The five control rods were evaluated by the period method,

i.e., correlation of incremental rod travel with the resulting

stable period by use of the In-Hour eyuation. Rod calibration

sequence was in the order of use, i.e., dynamic,: shim-safety,

and shim. The procedure was essentially the same for each rod.

The reactor was made critical with the rod to be calibrated

fully inserted in the core. The source was removed to permit

accurate period measurement at very low power levels. A long

period (300-400 sec) was established by withdrawal of one of

the rods not being calibrated, and the stable period was measured

from the Channel 4 recorder with a stop watch. Then the rod

being calibration was withdrawn some small increment (3-in.

in the case of dynamic, 1-in. shim safety, and shim) and the

resultant stable period again measured. Additional rod increments

were measured until the period approached either 7 sec or the

power level of 1 kw. Then the other rods were inserted suffi-

ciently to reduce the power to the starting level. At this
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point, a long period was again established and the entire

procedure repeated until the full length of the rod was

calibrated. The reactor was then shut down in preparation

for the next rod to be calibrated. The dynamic and shim-

safety rods were calibrated in a poisoned-down 4.5% Ak/k

3-Mw core by offsetting withdrawal of the rod being cali-

brated with insertion of another after the period corre-

sponding to each increment of rod worth had been measured.

Shim 1 rod was calibrated with the core poisoned down, so

that the shim-safety rods were full out. Poison strips

were inserted to obtain the initial position and were added

as Shim 1 was calibrated (see Table I). The dynamic was

utilized to extend the range of shim rod that could be

calibrated before repoisoning. Shim 2 was calibrated with

Shim-Safety 1, Shim-Safety 2, and Shim 1 full out. Rod

worth % Ak/k versus inches withdrawn are shown in Figures

9 and 10.

The safety-element value was estimated at approximately

10% Ak/k by withdrawing all control rods while the safety

remained inserted and observing multiplication along with

knowledge of excess reactivity in core and rod values.

3.2.3 Conclusion

It is known that rod values obtained in the manner de-

scribed are not absolute and that they 3hange with burnup and

buildup of stable poisons in an operating reactor. A comparison

with identically constructed rods as used in the operating GTR

show total-rod-worth agreement of +7%. Rod worths as determined
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in the RTA are consistently higher than those determined in the

GTR, indicating that the difference is due to the change in the

manner of calibration. The GTR rods were calibrated as reac-

tivity became available during xenon decay following a long

3-Mw run.

TABLE I

POISON-STRIP LOCATION

Rod Increment (in.) Location of Reactivity
Cadmium Poison Strips Worth (%)

G-1 0- 9 E-2, F-3, D-7, E-7, F 7 -1.86
(6-in. withdrawn)

G-1 9-14 as above F-7 full in plus -2.30
D-3

G-1 14-23.6 as above plus C-3, G-3, -2.85
C-7

G-2 0-10 E-2, F-3, G-3, D-7, E-7 -3.25
F-7, D-4, D-6, D-3
(6-in. withdrawn)

G-2 10-15 as above D-3 full in plus -3.65

C-3, c-6

G-2 15-24.48 D-3, E 3, F-3, D-4 (2 -4.14
strips), D-6 (2 strips),
D-7, E-7, F-7
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3.3 Fuel-Element Verification

3.3.1 Experimental Equipment

The experiment was begun with the loaded 3-Mw GTR core

configuration. Normal RTA instrumentation (Ref. 3) was utilized

during the experiment.

3.3.2 Procedure

The excess reactivity was observed for the standard 4550-gm

3-Mw GTR loading, the tank was drained, and the element in grid

position D-3 was replaced by the element to be verified. The

safey element was cocked and the tank filled. Then the reactor

was brought to power at one nominal watt, with rod positions

being observed after source removal. The reactor was shut'down,

the tank drained, and the source reinserted. Dummy and pro-

gressive increments of partial elements to full 140- and 150-gm

elements were cycled through grid position D-3 of the known

3-Mw GTR core. This procedure was repeated for each element

being verified. As shown in Figure 11, reactivity contribution

for each element versus fuel content (gm U2 35 ) as stated by the

fuel fabricator was plotted. The reactivity varied from zero

contribution for the dummy to 1.8% for a 150-gm ASTR element.

Reactivity contribution was determined from critical rod posi-

tions at one nominal watt with the source removed (Table II).
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TABLE II

REACTIVITY CONTRIBUTION FOR ASSORTED ELEMENTS
IN GRID POSITION D-3

Fuel Element Fuel Content Reactivity

Number gram U235 (fabrication) Contribution

Dummy 0 0

ASTR CD-35 37.52 0.637

GTR P-8-Io4 70.06 1.078

ASTR CC-37 75.03 1.115

GTR P-7-103 87.60 1.267

ASTR CB-39 112.37 1.432

GTR P-6-102 123.13 1.574

GTR S-92 139.99 1.718

ASTR AC 45 151.08 1.808

ASTR CC-38 74.98 1.103

GTR S-91 141.13 1.722

GTR S-90 141.14 1.735

ASTR CD-36 37.52 .619

3.3.3 Conclusion

The collected data are insufficient for a conclusive statis-

tical analysis of permissible deviations. The variation in data

may be a result of inaccuracies in rod calibration (used to ascer-

tain reactivity effect from rod position) and/or change of rod

worths as a result of perturbation of reactor flux due to the

the "test" element in the "standard" position. The threshold of
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detection of variation of fuel content as ascertained from these

data appears to be less than +3%.

3.4 Void Measurements

3.4.1 Experimental Equipment

The 3-Mw GTR core configuration and normal RTA instrumenta-

tion were used with the ASTR reflector void and two fuel-element

voids to comprise the experimental equipment.

The ASTR void is described in Section 4.3.1 and Figure 30.

The fuel element voids were constructed from extruded square

tube with 0,.10-inch walls and welded on top and bottom to form

a 3- by 3- by 24-in. tall vessel equivalent to the maximum useful

volume available for in-core irradiation tests by substitution

for a fuel element (Fig. 12). The fuel-element voids were bal-

lasted and provided with pressurization similar to the ASTR voids.

The fuel-element voids were pressure-checked to 120 psi and

operated at 10 psi as a result of the predicted large void worth.

3.4.2 Procedure

Criticality was checked for the 3-Mw GTR configuration re-

sulting from the critical experiment discussed in Section 3.1 •

The reactivity observed from critical rod positions served as the

base measurement from which the effects of the voids in the various

locations were determined.

The initial measurements established the reactivity change

resulting from a void collapse and removal from RTA grid position

D-3 as -0.13% and.-0.20% Ak/k,respectively. This measurement was

performed to determine the maximum possible reactivity change that
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Figure 12. Fuel-Element Void Volumes
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could occur. The data show a loss rather thana gain in reactivity;

hence, no harmful effects could result.

The single-element void was placed in RTA grid positions C-3,

D-3, E-3, F-3, C-2, C-3, C-4, c-6, C-7, and C-8 and the reactivity

effect measured. G-4 was omitted because of the symmetry observed

between C-3, E-3. The two void cans were installed in C-2 and

C-3 and then in C-2 and D-2. The internal reactivity effects are

shown in Figures 13. and 14.

Thermal-neutron flux measurements were obtained by exposing

bare and cadmium-covered gold foils in the center of the void can

for internal positions D-3, C-2, and the two-element void in posi-

tions C-2 and C-3. Fast-flux determinations were made by exposing

sulfur in a separate run for each of the above positions. The

flux data are given as n/cm 2 -sec-watt in Table III.

TABLE III

FLUX MEASUREMENTS IN VOID-CAN

Void Location Flux per Watt

RTA GTR nth/cm2 -sec-watt nf/cm2 -sec-watt

D-3 D-6 6.8 x 106 4.6 x 105

C-2 E-7 6.0 x 106 7.5 x 105

C-2* E-7 5.4 x 106 5.7 x 105

C-3* E-6 6.0 x 106 1.4 x 106

* The two-element void volume
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Figure 13. GTR Void-Reactivity Data

42



-4.0 NPC 14.976

0 Across D row (7 element)
- Across 3 row (5 element)

-3.0------------------------------

-2.0

C-3 D-3 E-3 F-3 G-3
D-2 D-3 D-4 D-5 D-6 D-7 D-8

Element No Across Core

Figure 14. Void Worth as a Function of Core Location

43



Reactivity effects resulting from placing the void cans

adjacent to a core face singly and then in multiples were deter-

mined for the seven-element front face and a five-element side.

These values are shown in Figure 13.

3.4.3 Conclusions

In-core irradiations with the GTR could be performed with no

increase in the apparent hazard except those resulting from per-

turbations due to a test specimen. Complete flooding of the void

container or removal of the container from the core would result

in a loss of reactivity. The maximum thermal-neutron flux in a void

3- by 3- by 24-in. container in GTR position D-6 (RTA D-3) at

3 Mw should be 2 x 1013 n/cm 2 -sec. An average-to-maximum flux

ratio of 0.77 observed in a normal fuel element should still

prevail in the sample container. A sample 3- by 3- by 24-in. con-

tainer in GTR core position E-6 and E-7 (RTA C-2 and C-3) should

yield a maximum thermal-neutron flux of from 1.6 to 1.8 x lO13

n/cm 2-sec.

Due to the assumptions of the core flux profile made during

the flux measurements to determine reactor power, the calculated

fluxes are necessarily +20%. More precise data would require a

complete core mapping and calibration for each of the flux

deter nat4ons.
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3.5 Fission-Plate Reactivity Contribution

3.5.1 Experimental Equipment

The 3-Mw GTR core configuration with normal startup instru-

mentation was utilized during the experiment. A 4.5- by 5.5- by

0.5-in. 466-gm U2 3 5 source plate and holder (Fig. 15), along with

the ASTR 9- by 4- by 16-in. void tank (Fig. 30), constituted the

additional equipment necessary to perform the experiment.

3.5.2 Procedure

The initial phase of the experiment consisted of measuring

the reactivity contribution of the source plate as a function of

separation distance from the center of the front face of the

reactor core with separation distances of between 0.125 and 6.0

inches (Fig. 16). The reactivity change was obtained from obser-

vation of critical rod position and referral to rod calibration

curves (Figs. 9 and 10).

The second phase of the experiment utilized data of the

initial phase as an upper limit to possible reactivity perturba-

tions, The reactivity effect was determined with the source

plate displacedvertically +5 inches from the maximum effective

position. In addition, the reactivity effect was measured with

the source plate resting on the grid plate adjacent tc the front

face and then resting face down and centered over lattice posi-

tion D-3 (Table IV).
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Figure 15. Fission-Plate and Positioning Assembly
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TABLE IV

FISSION-PLATE REACTIVITY VALUES

Distance from Center Reactivity Contribution

Front Face (in.) (% Ak/k)

6 0.15

4.625 o.16

3.625 0.26

2.0 0.55

1.625 0.67

1.0 0.794

0.875 0.79

0.750 0.74

o.625 0.735

0.375 0.735

0.125 0.745

3.5.3 Conclusion

The peak reactivity contribution of +.79% Ak/k was found

to occur with the source plate one inch from the center of the

reactor front face. An increase in excess reactivity of 0.31% Ak/k

was observed with the source plate resting over D-3 and an in-

crease of 0.44% Ak/k when it is allowed to rest upright on the

grid plate adjacent to the core. The latter two measurements

were devised to show the maximum reactivity perturbation result-

ing from the source plate coming to rest on the core or on the

grid plate of the 3-Mw GTR. Normal reactor instrumentation could

effectively handle an increase of this magnitude without endanger-

ing operating personnel or the reactor.
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3.6 GTR Control-Rod Developmemt

3.6.1 Experimental Equipment

The standard GTR loading of a 5 x 7 lattice was used during

this experiment. Black-rod location (RTA grid position E-4) was

used in all cases as the test rod position (Fig. 17). Special

equipment for the test consisted of the aluminum rod housing, the

stainless-steel rod housing, a cadmium sleeve, and an aluminum

bar (Fig. 18). Both rod housings were constructed to the dimen-

sion noted on NRlMOl7, "Rod Assembly - B4C Shim Safety." The

cadmium sleeves were 24 inches long and fitted the inner surface

of the housings. The aluminum bar was 24 inches long, 1.365 inches

wide, and 0.677 inch thick, and fitted inside the cadmium sleeve.

3.6.2 Procedure

Four parameters were varied during this experiment: two types

of rod housings, the cadmium sleeve, and the aluminum bar. Eight

possible permutations of the parameters were inserted in location

E-4. When criticality was established, the rod configurations were

fully retracted from the core and the reactivity worth estimated

from the adjusted positions of the other rods. A code for the

configurations was established as follows:

HA: aluminum housing

HS: stainless-steel housing

C: cadmium sleeve(X: no sleeve)

A: aluminum bar (X: no bar)

For example, configuration HS-X-A denotes the stainless-steel

housing without the cadmium sleeve but with the aluminum bar.
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Figure 17. GTR Core with RTA Lattice Locations
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Figure 18. Cross Sections of Test-Rod Components
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Following these eight runs, configuration HA-C-X was cali-

brated by the asymptotic-period method. After this calibration,

when the test rod was disassembled, it was discovered that the

center of the cadmium sleeve was 13/16 inch higher than the fuel

center. This could affect the overall rod worth. Therefore, the

sleeve was repositioned and the rod recalibrated by the period

method. The test rod was completely removed from the core and a

miniature fission chamber installed in the rod cavity of the

control element. The active volume of the fission chamber is a

right circular cylinder 3/16 inch in diameter and 1 inch in

length. The fission chamber was traversed through the center of

the fuel-element cavity from 0 to 24 inches with the rod-drive

mechanism. The chamber was positioned at 1-inch increments and

the average count rate determined.

The test-rod configuration HA-C-X was positioned at 12 inches

and a fission chamber traverse taken through the core and test

rod.

Further experimentation with the test rod was performed on

the GTR during January 1962. This information, along with rod

calibration and rod drop time, is included for-comparison with

the RTA experimental values.

3.6.3 Conclusions

The values of the eight possible permutations of the rod

parameters are listed in Table V. It is noted that the aluminum

rod housing and aluminum bar caused an increase in total core

reactivity when they were inserted.
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TABLE V

TEST-ROD WORTH

Configuration Worth

HA-X-X -0.030%*

HA-X-A -o.o63%*

HA-C-X 2.66%

HA-C-A 2.18%

HS-X-X 0.68%

HS-X-A .54%

HS-C-X 2.56%

HS-C-A 2.21%

* Minus sign means negative reactivity

The configuration HA-C-X was calibrated by the period method

with and without the cadmium liner offset 13/16 inch. The results

of both indicated no difference in the total rod worth (2.45% vs

2.42%), as shown in Figures 19 and 20. The fission-chamber meas-

urements (Figs. 21 and 22), indicate the relative thermal-neutron

flux in the control-rod position and the relative control-rod

absorption in the same position. The point on the control-rod

graph indicating the black control-rod 2 position was verified,

by repeated traverses, as being a valid point. Figure 22 illus-

trates the fact that the thermal flux inside the control rod is

about 10% of the flux without the cadmium absorber.
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Figure 19. Rod Calibration Cur~ve for GTR Test Rod HA-C-X
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The rod configuration HA-C-X value as determined in the GTR

was 2.37%, which is essentially the value obtained in the RTA

(Fig. 23). The rod-drop times of rod configuration HA-C-X were

measured from different heights. Thesexalues are given in Table

VI, along with the drop times for the standard B4C and dynamic

rods for comparison.

TABLE VI

CONTROL ROD DROP TIMES

Rod Type Drop Distance Drop Time
(in.) (sece)

Test Rod 8 0.35

16 o.44

23.5 0.52

B4C Black 23.5 0.50
Rod

Dynamic Rod 23.5 0.52
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Figure 23. Rod Calibration of HA-C'-X In GTR
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3.7 Moderated-Fast-Section Reactivity Measurement

3.7.1 Experimental Equipment

The normal 5 x 7 GTR core loading was set up in the RTA grid

in an offset position to achieve a large available volume in the

reflector. The reflector thickness available for this experiment

was, approximately 12 inches. The configuration to be simulated

was the GTR and the pool separator, with a given quantity of U2 35

on the dry side of the pool adjacent to the core. This configura-

tion involved only those measurements simulating flooding of the

entire assembly.

The pool separator was simulated by a 26- by 29-inch by 1-

inch-thick sheet of aluminum. Provisions were made to hold the

U2 3 5 assemblies in contact with one face of the plate. The U2 35

was assembled in the form of standard GTR elements (140 gm). A

total of seven elements were used, three of which were assembled

from fuel plates and side plates on hand and the remainder of which

were manufactured GTR elements.

3.7.2 Procedure

The core reactivity was measured, and the number of cadmium

poison strips necessary to lower the available core reactivity to

approximately 1.5% Ak/k was determined. After some manipulation

of the poison strips, a uniform distribution achieved a core re-

activity of 1.60% Ak/k. This core configuration was used through-

out the experiment (Fig. 24).
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The pool separator mockup was positioned first in such a

way that there was a distance of two inches between the core

face and the pool separator. The core reactivity of this config-

uration was measured. The aluminum plate was removed and one fuel

element positioned in the center of the plate against the outer

surface. The plate was then repositioned at two inches and the

core reactivity measured. Succeeding steps were performed by

adding two fuel element assemblies each time and measuring the

reactivity of the assembly. The reactivity measurements were

calculated from control rod positions. The final assembly con-

tained seven elements.

The entire assembly - i.e., aluminum plate and seven ele-

ments - was repositioned for separation distances of three and

five inches, where reactivity measurements were made. The plate-

and-fuel-element assembly was removed from the RTA and a sheet of

0.020-inch-thick cadmium attached to the plate side adjacent to

the core and covering the area of the plate. This cadmium-covered

assembly was repositioned at two inches and the reactivity measured.

3.7.3 Conclusion

The reactivity measurements for the fast-fission section in

a moderated condition areshown in Figure 25. The reactivity value

at the two-inch position was determined to be 1.09% Ak/k. The

cadmium poison sheet was found to be equivalent to approximately

three inches of water as a decoupling region. The reactivity values

measured throughout the experiment are in Table VII.
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TABLE VII

REACTIVITY CONTRIBUTION OF FLOODED FAST SECTION

Description Reactivity(Ak/k)

1-in. Al plate @ 2 in. +0.06%

Al plate + 1 fuel element @ 2 in. +0.33

Al plate + 2 fuel elements @ 2 in. +0.48

Al plate + 3 fuel elements @ 2 in. +0.68

Al plate + 5 fuel elements @ 2 in. +0.91

Al plate + 7 fuel elements @ 2 in. +1.09

Al plate + 7 fuel elements @ 3 in. +0.39

Al plate + 7 fuel elements @ 5 in. +0.27

Al plate + cadmium + fuel elements
@ 2 in. +0.36
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IV. ASTR EXPERIMENTS

4.1 ASTR-Core Critical Experiment and Loading Adjustment

4.1.1 Experimental Equipment

Normal RTA startup instrumentation was utilized with the

detectors positioned es shown in Figure 26, Loading 1. The rod

drives were relocated on the control platform to conform with

the geometry of the 3-Mw ASTR. Three new ASTR rod assemblies

were installed in the grid plate and cycle-tested for proper

operation before any fuel was added. An ASTR three-quarter

element was installed on the lower half of the center safety

rod. The entire assembly was then installed in the tank.

4.1.2 Procedure

The BF3 detectors (Channels 1, 1A, and 2) were source-

checked, a background (Cb) and source count (Cs) were taken,

and the tank was drained in preparation for the first loading.

Loading 1 (Fig. 26) consisted of 8 full elements, 1 three-quarter

element, and 2 dummy elements. Both rods-in and rods-out count

rate (Cm) were obtained and the ratio Cs/Cm (reciprocal multipli-

cation) for each plotted in Figures 27 and 28, respectively.

The loading steps proposed in the planning document were followed

and are shown (Fig. 26) up to and including the critical loading,

No. 11. Criticality was predicted by previous experiments and

by calculations to occur at Loading 9. An investigation at

this point did not show the reason criticality required 300 gm

more fuel than predicted. The remaining two elements were added
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singly to the critical configuration to complete the 3-Mw core

loading (Fig. 26, Loadings 12 and 13). A preliminary rod cali-

bration showed reasonable agreement with previous calibrations

of identical rods.

However, an excess reactivity of 1.82% was determined from

critical-rod positions, whereas the previous ASTR core in the

identical configuration possessed on the order of 2.5% excess

reactivity. An investigation was begun to account for the ob-

served discrepancies. Several tests were performed in order

to determine the reactivity effect of (1) detector location in

reference to fuel, (2) poison due to control-rod housings,

(3) variation between dummy elements with different construction,

and (4) poison due to structural aluminum in the elements. These

tests are described below.

The detectors were moved further from the reactor core

in the reflector region (Fig. 26, Loadings 12 and 13). This

produced no significant change in core reactivity.

One spare control rod was substituted in the core for each

control rod, in turn, and the removed rod was disassembled.

The reactivity worths of the three rod-housing structures were

checked in the reactor dummy positions. The structure worths

were not significantly different from the values obtained with

previous rod-housing structures.

The RTA dummy elements used in the ASTR core mockup were

not made of the same type of material as the 3-Mw ASTR dummy

elements. The reactivity values of the RTA dummies were found

to lower the core reactivity by 0.2% Ak/k.
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The fuel elements were checked for discrepancies in fuel

loading and poison materials by cycling four fuel elements from

the periphery to the center of the core and measuring the core

reactivity for each cycle. The reactivity values for cycles

were within 0.1% Ak/k.

Comparison of the method of manufacture of these elements

and previous ASTR elements revealed two major differences that

would tend to cancel each other:

1. Although all elemet4s have the specified element
loading (150 gm U -- , + 1%), they all have a posi-
tive loading tolerance (+1.35 to +1.50 gm).

2. The elements are assembled by mechanical means
(pinned) with 6061-T6 aluminum pins and side
prlates rather than by brazing with 1100-2S al-
uminum side plates and brazing flux.

The remaining 0.6% difference in reactivity can be attributed

to this change in fabrication methods.

The ASTR core was adjusted to 2.43% Ak/k by removing the

three-quarter element from the center of the core and by re-

placing it with a full fuel element - a total mass of 4830 grams
of U2 3 5 .

4.1.3 Conclusion

The ASTR core configuration in the RTA was made critical

at 4:00 p.m., 17 May 1961. The loading consisted of 29 full elements

and one partial (three-quarter) fuel element - a total mass

of 4490 grams of U2 3 5 . The loading sequence to criticality was

accomplished in 11 steps. The observed critical mass did not

agree with previous ASTR critical mass experiments or with

calculated values.
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The loading adjustment to the full 3-Mw core loading of

4790 grams of U2 35 provided almost 1% less reactivity than

anticipated. Subsequent investigation disclosed that a loss

of 0.62% reactivity was due to the substitution of 6061-T6

aluminim for 1100-2S in the side plates. Approximately 0.2%

loss in reactivity was due to the manner of constrdction of

RTA dummies. Accordingly, a full element was substituted for

the three-quarter element in the center location of the core.

4.2 ASTR Rod Calibration

4.2.1 Experimental Equipment

The experiment used the modified ASTR core loading (Sec.

4.1), which gave a reactivity of 2.5% Ak/k. This loading

consisted of 32 full elements and two dummies. The three

control rods were manufactured spares for the ASTR and had

not been previously calibrated. The normal RTA instrumentation

was used during this experiment.

4.2.2 Procedure

The three control rods were evaluated by correlating incre-

mental rod movement with the resulting stable period by use of

the In-Hour relationship. The RTA was brought critical and the

source removed. A long period was established as a base refer-

ence. The rod being calibrated was then withdrawn a given

increment and the resulting stable period measured. Previous

experimental data have revealed that rod shadowing between the

two safety rods does not occur in sufficient magnitude to be

measured. As a result of the lack of shadowing effects, no

poison strips were required during the ASTR rod calibrations.
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The safety-element value was estimated by withdrawing all

control rods while the safety element remained inserted and by

measuring the shutdown multiplication. The shutdown multiplica-

tion, along with knowledge of the core excess reactivity, made

it possible to estimate the safety-element worth.

4.2.3 Conclusion

The worth of the three ASTR rods is shown in Figure 29.

The fact that S-2 was worth more than S-1 is probably a result

of the core geometry and was evident again when the original

ASTR rods were calibrated in the new core. The safety-element

value was approximately 8% Ak/k.

4.3 Four-Rod ASTR and Void Configurations

4.3.1 Experimental Equipment

The equipment used during this experiment was the ASTR core

III, normal RTA instrumentation, two additional ASTR control rods,

and the ASTR reflector void.

The additional control rods were disassembled and inspected.

When the control rods were reassembled, one contained no poison

sleeve, and the other was a standard control rod.

The ASTR void can is constructed from aluminum, with the

top and bottom machined from 1/8-inch aluminum stock and the

sides fabricated from 1/16-inch-thick aluminum sheet (Fig, 30).

Extending from the top of the void assembly was a 1-inch pipe

which was used for air pressure and handling. The void dimen-

sions were dictated by the space available between the ASTR core

and the pressure vessel. The void is 9 inches wide, 16 inches in
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height, and 4.63 inches deep at the largest cross section. The

curved side hasa 16-inch radius. The void was equipped with two

legs which fit the gridplate holes and provide accurate position-

ing. Lead ballast was attached to these legs to ensure that the

void could not float.

4.3.2 Procedure

The ASTR core was assembled in the RTA tank and a criticality

measurement (Fig. 31, Loading 1) - called the base measurement -

was made. One dummy element was removed and the criticality Value

of the core measured. The next core reactivity measurement was

made with a rod structure in the position of the dummy element

which had been removed earlier. The preceding measurements were

made in preparation for the 4-rod ASTR configuration.

The 4-rod ASTR configuration (Fig. 31, Loading 4) was constructed

by removing both dummy elements and placing a control rod (with

poison) in one dummy location and a full element in the other.

The control rod which was added had no drive ,and, hence, was left

in the full-in position. Criticality was achieved by withdrawing

the remaining three control rods. The reactivity values were com-

puted from the three calibrated rods and a value assumed for the

fourth rod. The assumed value for the fourth rod (3.1% Ak/k) was

arrived at through extrapolation of the calibrated rod curves to a

rod-in value. Rod calibrations by the period method were performed

for the three control rods during the 4-rod ASTR configuration

operation. The value of the dynamic changed, but little change

was noticed in the safety rods.
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Dy Dy Dy1

1 2 3

Normal ASTR core; 32 elements, I dummy element removed; Control rod housing in dummy position;
2 dummies 2.29%ak/k 1.77%Ak/k water-filled region no poison sleeve in rod assy 2.14%Ak/k

D y Dy Dy

gFull element

Rod S -
.9E

4 5 6

Both dumy elements replaced with I Std ASTR core with reflector Reactivity adjusted;
full element and I additional control void 1.78%-Ak/k 1/4 element added
rod 4.90%Ak/k (estimated) 2.68% Ak/k

Dy Dy

-S-

I/4E 1/4 E

7 8

Void filled with water Void removed
3.39%Ak/k 3.38%ak/k

FIGURE 31. ASTR Control-Rod and Void Configurations
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The 4-rod configuration was modified back to the original 3-

rod configuration with a reflector void along a 3-element face of

the core (Fig. 31, Loading 5). This void face was 1/4 inch from

the core face. During the air void portions of the experiment,

air pressure in the void was maintained at 7 psig. To regain the

reactivity lost as a result of the void, a quarter element was

placed in the dummy position adjacent to the void face of the

core (Fig. 31, Loading 6), thus increasing the reactivity to the

approximate operating value of the present 3-Mw ASTR.

The leakage flux into and from the void was measured with

sulphur, gold, and cadmium-covered gold. The foils were positioned

as illustrated in Figure 32, with the sulphur in the center having

a bare and cadmium-covered gold foil on each side. The outside

face (Face B) was covered entirely with a sheet of 20-mil cadmium

to simulate an air environment outside of the void relative to

thermal neutrons. To establish the perturbation effect of the

aluminum in the void can, two reactivity measurements were made:

one with the void filled with water, the other with-the void

removed from the core (Fig. 31, Loadings 7 and 8).

4.3.3 Conclusions

The data reveal that a 4-rod ASTR configuration would give

an operating reactivity of approximately 5%, with a control rod

worth of 9.5%.

The data from the void measurement reveal an increase in the

leakage flux from the core by voiding a section of the reflector.

The data for these measurements are given in Figure 32.
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1/16 Al

Face F

4.63

Face B 2-mil Cd-covered Location (n/cm2-sec-watt)

Face Position E >2.9MevBFa 5.75x 10'
F B 6.45x 106
F H 6.67x 106

B B 0. 1 84x 106
B E 0.231x106
B H 0.198x106

- B H- Thermal (Au)

A B C F A,C 2.04x 106

F D,F 2.32x106
F G,I 25x0

T~ 2.50x 106
6" B AC I.90x 106

B D,F 2.30x106

B GI 205x106

16 - • 4
l  - 

-

D E F

6"

G H I

FIGURE 32. Flux Measurements In ASTR Void
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4.4 ASTR Core Thermal-Neutron Flux Measurements

4.4.1 Experimental Equipment

The equipment used to measure thermal-neutron flux was gold

foil, cadmium covers for the foils, copper wires, and the neces-

sary equipment for the proper positioning of the foils and wires.

The gold foils were circular, two mils thick, and had a

weight of approximately 0.1 gm. The cadmium covers were 20 mils

thick and of sufficient diameter to cover the gold foils. For

measurements along the axial centerline of the fuel elements, the

gold foils were positioned by taping to a plexiglas stringer.

For measurements on the exterior of the fuel elements, the foils

were affixed directly to the side of the element with tape. The

copper wires were 0.051 inch in diameter and 33 inches long.

They were positioned along the axial centerline by placing the

wires between plates and by the use of polyethylene retainers at

each end of the element.

4.4.2 Procedure

The experimental procedure was divided into two parts. The

first was the irradiation of two gold foils, one bare and one

cadmium-covered, and one copper wire in each fuel element loca-

tion; the second, the irradiation of bare gold foils at 25

selected locations in each of 12 selected lattice locations (Fig.

33). Two cadmium-covered foils were also irradiated at the same

12-lattice locations.
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Row Numb~er

Foils were placed
18" at 5 locations a+

each of 5 positions
along longitudinal

4 31 311axis.

12-Column IlI-Column

Figure 33. Fail-Position Cod* on Fuel Element
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The first part, hereafter called the "standard method,"

commenced with the irradiation of the bare gold foils located

at the center of the elements. This was accomplished in five

separate reactor operations in order to minimize flux perturba-

tions. The reactor was operated at 10 nominal watts for 10

minutes and then shut down. The cadmium-covered foils were

irradiated in seven separate runs, the greater number of runs

being required to reduce flux perturbation. Copper wires were

irradiated along the axial centerline of the element in five

separate runs. Both foils and wires were delivered to the

counting room for counting.

The second part of the experiment, hereafter termed the

"refined method," required 36 separate reactor operations. For

the purposes of designation of foil location, a number code was

adopted as shown in Figure 33. It should be noted that the top of

the element in the RTA is on the same end of the core as the with-

drawing rods. Thus, the top of the RTA corresponds to the aft end

of the ASTR, in the manner that flux is perturbed by the rods. As

shown in Figure 33, the fuel element was divided into five columns,

numbered zero (for axial center), 1 (for concave side), 2 and 4

(for flat sides), and 3 (for convex side). The rows are numbered

1 through 5 to designate zero inches, 6 inches, 12 inches, 18

inches, and 24 inches, respectively, from the aft end of the fuel.

Each of the first 30 runs of the refined method consisted of

irradiation of one column in each of two locations. The 12 selected

locations are shown in Figure 34. The selection of these locations

was on the basis of core symmetry; for example, lattice locations
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2 3 4 5 6 7

ASTR
Code

M C B C 8

N C D A F C 7

Dummy S-i
O C D G E rod F C 6

P B A E N E N N 5

S-2 Dummy Dyn
Q F rod E G N rod 4

R C F A D N 3

S C B C 2

B C D E F G H RTA

Symmetry Code

Group A: N4, P2, R4

Underline Group B: M4, PI, S4
denotes Group C: M3, M5, N2, N6, 01, 07, Qi, R2, S3, S5
element Group D: N3, 02, R5
used in Group E: 04, P3, P5, Q4
refined Group F: N5, 06, Q2, R3
analysis Group G: 03, QS

Group N: P4, P6, P7, Q6, R6 have no symmetry

FIGURE 34. ASTR Lattice Diagram with Symmetry Assumptions
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N-3 and 0-2 are both next to a dummy element, with one element

removed from the core face. Five elements were assumed to have

no symmetry. The last six runs consisted of the irradiation of

cadmium-covered foils at the 110 and 510 locations on each of

the 12 selected elements.

The activated foils were counted by the counting room; the

counting results were reduced to saturated activities by a com-

puter program. Thermal flux was not computed, inasmuch as it

was not practical to irradiate both bare and cadmium-covered

foils at the same place at the same time.

The counting rate on the copper wires was observed by pas-

sing the copper wire through a scintillation crystal at a uni-

form rate and recording the detected disintegrations on a strip-

chart recorder. Only relative count rates were required, since

the only item of interest from the copper wires is the relative

intensity of axial neutron flux.

4.4.3 Conclusion

The results of the standard-method measurements are listed

on Tables VIII and IX. In Table VIII the bare and cadmium-covered

saturated activities are itemized for each lattice location. The

thermal saturated activity, which is the difference between the

bare and cadmium-covered, is also listed in Table VIII, together

with other calculations which are explained in Section 4.4.3.1.

The relative copper-wire activities are itemized in Table IX.

There are no units on these numbers and the numbers for one loca-

tion may not be compared with those for another location, since

different delay times and scale factors were involved.
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The neutron flux measurements for the refined method are listed

in Table X. All the results are listed as saturated activity.

The use of this table is explained in Section 4.4.3.2.

4.4.3 .1 Determination of Core Power by the Standard Method

Experimental measurements have shown that 193 Mev of energy

is released per fission (Ref. 3). Thus the power generated in an

element, or core, is reduced to evaluation of the fission rate.

Since the fission rate is proportional to the thermal-neutron flux,

the power could be computed if the thermal flux were everywhere

known. It is impossible to measure flux at each point in the

reactor; hence, some compromise and averaging assumptions must

be made. One method, the standard method, consists of the steps

outlined below.

1. Irradiate a bare gold foil at the center of each
fuel element (location 310 on Figure 32).

2. Irradiate a cadmium-covered foil at location 310
of each fuel element.

3. Compute saturated activities of each foil. Cal-
culate thermal saturated activity by subtracting
cadmium-covered S.A. from bare S.A.

4. Convert thermal saturated activity to thermal-
neutron flux by the formula

Oth - S.A.th

G - 60

where

thermal-neutron flux, neut
cm2-secl

S.A.th = thermal saturated activity, disintegrations*
mmn-gm

= cross-section for gold c 0.294 cm2 and
gm

60 = conversion factor for seconds to minutes.

86



GN cM 0,
0O- r-I , --TK~z rfvWO .-1-3 --,1- -:1- zr L\ ()0 0~- - -- NM lt-,O ihCLO X
O-(X) .C() -A - 4- (0-\ 'C) %fM.O O'\m CF CM(\ t- \CC) H4CO.1- 0 00C "
.-1 Hq H -1H c-4 \ Y - \ y oo)N(- nI Y - - \ ~ \ H -4

t- 1--H 0 0 0 I -T I- 1-:T 0 L-\DO Ln (Y0NIC (,\ M --- If) \J -X (y)C\J cmo 0 C
t--V) CD- TH V0-WOC LC) 'lL(MM OXO) I.) 0\D nH 0 nLfA H 0f~ L-00 H -r 0

H- - H NM H(\ 1M (.)J CM :3 j-zr- o(Y y (r).zrT ll' (~YIC) N, (\] C\J N\ (YfH i r.-

Z4 H- HO- Ht-- LC M Lf\ Ln (Y Y -- O L-LCn N (MO E-YkO 0Y)O Y) 0 (Y)(N t--
C'm-iH HCO tI-X)c 00~ 0) \I 0 O\ Y mL() M A --rc H0-- tl- 0300-:ZtCO irVD CO
Hi N NM H Hq CN (Y', ( Y M -zrj Irn-?- -T -Tn (Y) iC)-zr (Y")-- C\I (Y CMj CM OM Y) H- U-\

.M . . . . . . . . .- . . -.

C2 z tl- Mm NM-zr cMW H nr M " rH M E--c0mmY'--Z HXo 00 Lf\-zr LC--T1-zT CMj H- N\
z DC , r Lon~~ cM t- ()uw)O ', Ln~-2 CMJ 0 cMcMOO 0.z HO rf LnCOJ--4 0

fn (n C\J n H t--r(Y)M-zr O'\C~jMO (Y , OfOz--4r- O 0H c'J CM (YI (m 0 0 Q

04 Ln4- M~ cLO HcMc 0 -HO ' t--O 4 3, ()r- --- ,tC CC)E- Lf)%D C\M-T cMOD C\)

cm4 M mc 01\o- 000 )

P- -0 00N C--Z C\JO LlCMJ (Y)Q (O UH kn 00O\ rm-zI - [-4-) LCnOJ cMOO H- \ 4-)
a\M 0 0_- Y' z0 - --HO nO nouY o(-Ir m 0 IS) OO 0

CO CD C0

H H-
-~ -~ 0 .-H

O'\ 0) H- 0

o V) J 00 OH \ - Y\, - -T()M - --ZC\M-, Y)L\E- - - k 0) CU -,:: >
-TrIM N-TOCMCMO mI0(H 0 0 - ON--kD k0 r\I- C\M\U'nO0 0 1

00

M~ H- 0

o Y ~Ln 0 fn1- Ln \'Ln n M-( NCOia LO\'O n T\O\ N 'D E-O NM C-00 t,-LC) Ln 4
0-4(0 H (Y) - C\M (\j00 ,D-T,(Y) --- M N CA I C r- r4 C--c' C -CO 0 CMJ 4-)

LC'iLALAO~~~~~r-I C(7\A coC C-dc -L~l( M M ~H

- H 0

H.,-H 0 0
00

OHa4)

87



5. Irradiate a copper wire along the axial center-
line of each fuel element. Count the relative
activity. Find the average activity along the
24 inches of active fuel area.

6. Compute the ratio of average activity to activ-
ity at location of foils in Steps 1 and 2. Call
this a, the average-to-maximum ratio.

7. Compute the average thermal-neutron flux in each
element by multiplying a by % from Step 4. Call
this 7i.

8. Compute core average thermal-neutron flux by

32
7c : 1 T vl

where

Tc = core average thermal-neutron flux, and

7 average thermal-neutron flux in ith
location.

9. Compute core power by the following formula:

- N
P = Kaf NMP 7-,

where.-

K = 3.088 x 1 -11 watt-sec/fission,

Gf = average fission cross section for U2 3 5

487b,

N = 0.6023 x 1024,

A - 235,

M = mass of U235 = 4800 gm for 32 full elements,

PC = 1.107 (see references 3 and 4), and

7c = from Step 8 above.

Thus P = 2.054 x 10-7 wc. The core power is then

computed from this formula.
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Often only the percentage power contribution for each lattice

location is desired. In this case, the following procedure is

followed:

10. Repeat Steps 1, 2, 3, 5, and 6 above.

11. Find the average thermal saturated activity for
each location by

S.A. avg = S.A.th *a

where

S.A. avg = the average thermal saturated activity.

12. Calculate the percentage contribution, ri, by

2 (S.A avg)i

i=1

where i denotes the ith location.

This procedure was followed in this report. The results are

listed in Table VIII.

4.4.3.2 A Refinement for Calculation of Core Power

One basic error of the standard method is that it implicitly

assumes that there is no radial gradient of neutron flux within

the element. For example, the single foil location of 310 implies

that the flux in the 3-row (locations 310, 311, 312, 313, and 314)

is constant. Other experiments (Ref. 5) have shown this to be

untrue.

A refinement method was devised and is outlined below.

1. Proceed as listed in Steps 10 through 12 of Section
4.1 to find average thermal saturated activity for
each location.

2. Make symmetry assumptions (Fig. 34).
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3. Irradiate bare gold foils at each of 25 selected
locations (Fig. 33) in one element of each sym-
metrical group (12 in all).

4. Irradiate cadmium-covered foils at the 110 and
510 locations of each selected location. (The
210 and 410 locations are omitted, since the cad-
mium ratio does not change materially from that
at the 310 location previously measured.)

5. Carry out the following procedure for determining
the average saturated activity in each of the 12
elements

a. Find the cadmium ratio for the 1-row by
the formula

C.R. -(S.A.bare)llO

b. Find the averagesaturated activity for
the 1-row by

S.A1avg 2 (S.A.110 + S.A.,,, +

c. Find the average thermal saturated activ-
ity for the 1-row by
(S.A.th)av = C.R,-I x S.Aoavg.

avg C.R.

d. Repeat for the 2-, 3-, 4-, and 5-rows.
For the C.R. of the 2- and 4-rows, use
that of the 3-row.

e. Assume that the average thermal satur-
ated activity for the first three inches
of fuel can be calculated from the
formula

=RAPA l A (S.A.)l,

where

RA = average wire activity for first
3 inches (Table IX),

R1  =wire activity at 0 inches (also
Table IX),
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S.A.1  = from Step c above, and

PA = average thermal saturated activ-
ity for first 3 inches.

f. Find the fuel from 3 inches to 9 inches from
the aft end, find the average thermal saturated
activity by

PA z B.S.A.2,

R2

where

RB = average wire activity from 3
inches to 9 inches

R2 wire activity at 6 inches

S.A. = (C.R.-l (S.A.210 + , + S.A. 2 14 ), and

P]= average thermal saturated activity.

g. Repeat Step f for the 3- and 4-rows.

h. Repeat Step e for the 5-row.

J. Calculate the average thermal saturated
activity for the element by the formula

Pavg = 3PA + 6PB + ()C + 60D + 3PE24

This gives the refined results listed in
Table XI.

k. Since only one element in each symmetrical
group has a refined result, calculate a
connection factor, K, for each group

K =refined result
standard result (Table VIII)

m. Correct the standard result in each group
by multiplying the correction factor for
that group.

n. Compute the percentage contribution as in
Step 12, Section 4.4.3.1.
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o. Compute flux/watt per element by the
formula

(flux/watt) ' . (0.294T0

2.054 - 10-7 32
32 Z32

i-1

The results from Steps J, k, m, n. o
are listed in Table XI

4.4.3.3 Radial Flux Changes in Individual Lattice

Locations

Several interesting results were obtained from the refined

method. For example, a comparison of saturated activities in

the 3-row of Q-6 shows the following:

Location Saturated Activity 1010

310 0.264 (center)
311 0.350 ,next to fuel element)
312 0.564 next to dummy)
313 0.396 next to duel element)
314 0.294 next to rod location)

The average of these five numbers is 0.374, or 42% higher than

the center measurement. This example shows the inherent inac-

curacy of using the standard method.

Another interesting result is the comparison of the follow-

ing columns:

Location Activity Activity Location

P-6 114 0.121 0.120 P-7 112
214 0.211 0.222 212
314 0.306 0.306 312
414 0.298 0.289 412
514 0.204 0.205 512

Inspection of Figures 33 and 34 revealed that the 4-column of P-6

and the 2-column of P-7 are the same line in the reactor. The
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fact that the numbers were very close even though the foils were

irradiated on separate runs is good testimony to the experimental

accuracy. Other similarities were also noted in adjacent columns.

A portion of the data in Table X was reduced to thermal-

neutron flux per watt in order to illustrate the variation of flux

within the core. The illustrated portions are:

1. The thermal flux profile across the 0-row
@ core midplane (Fig. 35).

2. The thermal flux profile across the 4-row
@ core midplane (Fig. 36).

3. The thermal flux profile across the P-row

@ core midplane (Fig. 37).

Also reduced to thermal flux/watt was the axial flux in lattice

location 0-4 (Table XII and Fig. 38).

TABLE XII

AXIAL FLUX PROFILE FOR LATTICE LOCATION 0-4

Thermal Flux/Watt (neutrons) x 6
Row cm2-sec-w

Column
10 1i 12 13 14

1 3.73 4.50 4.78 3.91 2.46

2 5.35 6.12 7.48 5.48 3.80

3 8.21 9.42 10.51 8.19 8.19

4 7.48 8.53 9.4o 7.30 9.05

5 5.78 6.37 6.57 5.78 6.69

94



NPC 14997

0.

_________ .10
.20

o

.0

E _3

6

co 00
M-Des-z-

4nou
44@M/nlj l~wJQ4

95a



NPC 14,998

3;

0

.

I.

0.

__________ 4.jo.

96z



NPC 14.9

______ ___CL

____ ____ ___ ____ _CL

I3
v

0
-J

00
-A
u

x

W6.

.0 C'(4

A-305-zWo

449M/xnF lIRwJs4I

97



NPC 15,000

E (

0 E

E-
E -

0- 0

o 0

E -C
-2 u

0 w

3. 0
C N 0

0 o

EE

-i5
-* u -zL *

4nou
04M/n LLj9j

98I



The influence of a dummy element can be seen in Figure 35.

The decrease of flux in the center of an element is shown in

Figures 36 and 37. The influence of a rod adjacenet to an ele-

ment is shown in Figure 38; the flux is depressed in the vicinity

of the rod and amplified where rod has been withdrawn.
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